2 on layer numbers, approaching the bulk value of ~0.3 eV from the monolayer value of ~1.5 eV quickly as the layer number increases [10] [11] [12] . However, BP is extremely unstable under ambient conditions. The challenge of device stability has to be solved before it can be implemented for optoelectronics applications [13] .
As a prototypical layered material in the III-VI family, InSe is a stable nonlinear optical crystal and exhibits superior electrical and optical properties [2, [14] [15] [16] [17] . Recently, the QHE has been demonstrated in a thin flake (6 layers) with mobility exceeding 10 000 cm 2 V −1 s −1 [2] . Moreover, in contrast to the TMDCs, InSe is a direct bandgap material from the bulk to a few layers (>5 layers), which renders it a promising candidate for efficient optoelectronic devices possessing large absorbance [15] [16] [17] . In addition, the bandgap of multilayer InSe is located in the infrared regime and bridges the spectrum gap between the TMDCs and BP [15] .
One unique advantage of 2D materials is their ultrahigh flexibility [18] . It has been shown that a single-layer graphene can sustain as much as ~10% strain without mechanic failure [19] , and similar findings have also been reported in other 2D semiconductors such as MoS 2 [19] [20] [21] [22] [23] [24] . Meanwhile, strain can effectively and reversibly change the band structure of 2D materials to achieve a tunable spectral response in optoelectronic devices [21] [22] [23] [25] [26] [27] . 2D InSe flakes provide an ideal platform to realize such functionality in the infrared regime. Unlike the TMDCs, a few-layer InSe is a direct bandgap semiconductor [15, 28] . Considering the relatively small exciton binding energy in a few-layer InSe flake [28] , we expect that the optical bandgap obtained from the PL spectroscopy would correspond closely to the direct bandgap at the Γ point for a few-layer (>5) system in the bulk hexagonal BZ, which is folded from the Z point in the BZ of rhombohedral primitive cell (supporting information). Therefore, PL spectroscopy can be employed to investigate the strain-induced bandgap modulation of few-layer InSe flake. The strain effect on the InSe bandgap, to our best knowledge, has not been explored experimentally.
In this work, we demonstrate that, for a typical few-layer InSe flake,we can reversibly modulate the bandgap by about 239 meV by spanning a uniaxial compressive strain up to 0.62% (increasing the bandgap by ~79 meV) and a uniaxial tensile strain up to 1.06% (decreasing the bandgap by ~160 meV). This substantial bandgap modification arises from a steep bandgap strain coefficient of ~140 meV/% for uniaxial compressive strain and ~154 meV/% for the uniaxial tensile strain. The observed bandgap strain coefficient is the most pronounced among what have been reported in 2D materials, which would not only make InSe-based optoelectronic devices highly tunable in spectral response but also would render them promising candidates for flexible and sensitive strain sensors. We also confirm the bandgap modification by photoconductivity spectroscopy in which we measure the photoconductivity as a function of excitation photon energy.
Methods
Experimentally, we exfoliated InSe flakes from the γ-InSe single crystal onto the flexible poly(ethylene terephthalate) (PET) substrate with a thickness of 120 µm. The strain was applied using a home-built instrument in which the PET film was clamped at both ends. By pushing the PET film from one clamped end through a micrometer manipulator, we can precisely control the lateral movement and determine either uniaxial tensile or compressive strain, as schematically shown in figure 1(c) . The quantitative strain value can be determined by a two-point bending method: the bent PET is assumed as a circular arc for the strain calculation with the equation: ε = τ /R, where 2τ and R are the thickness of PET substrate and the radius of curvature of the bent PET, respectively (figure 1(d)) [20] . Details of the strain measurement method can be found in the supporting information (SI). We investigate the strain effect using Raman and PL spectroscopy in a confocal microscope setup. We also studied the strain effect using the photocurrent measurement. First-principle calculations using density function theory (DFT) and quasiparticle GW calculation are employed to understand our experimental results. The details of the calculation and crystal growth can be found in the Supporting Information.
Results and discussion
The atomic structure of rhombohedral γ-InSe is given in figure 1 , consisting of In-Se-Se-In single layers stacked vertically with van der Waals interaction. Each layer is of a hexagonal structure with D 3h symmetry. The layer-dependent bandgap of InSe has been investigated both theoretically and experimentally [15, 28] . Bulk InSe is a direct bandgap semiconductor with both the conduction band minimum (CBM) and valence band maximum (VBM) located at the Z point, forming a direct bandgap semiconductor. InSe flakes retain the direct bandgap feature until they are less than five layers thick [15, 28] .
We first investigate the evolution of the Raman modes of InSe with tensile strain [20, 21] . As shown in figure 1(e) (and figure S2 in the SI), the prominent peaks at 180, 198 and 226 cm −1 for the unstrained InSe (~8 nm thick) on the PET film correspond to the doubly degenerate non-polar E mode (Eʹ(Γ /% strain, respectively. It is worth noting that we did not observe an obvious splitting of the doubly degenerate inplane E mode at Raman shift of 180 cm −1 , which can be ascribed to the relatively small strain applied or to peak broadening [20, 21] . Unlike the case of TMDCs in which only the in-plane Raman E mode is sensitive to the in-plane strain, both in-plane and out-of-plane Raman modes of InSe are shifted under strain, indicating that the tensile strain has significant effects on both vibrations along and perpendicular to the xy-plane. The change in the Raman E mode (~180 cm −1 ) in few-layer InSe is mainly determined by the change of intralayer In-Se bonds [28] , and a shift of the Raman E mode can be intuitively understood as the application of a tensile strain would increase the intralayer In-Se bond length. Meanwhile, the Raman A 1 (LO) and A 1 modes are determined by the In-Se and In-In bond perpendicular to the xy-plane, respectively. Due to the Poisson contraction, these bond lengths and interlayer distance would change with strain, leading to the shift of the out-of-plane Raman A 1 (LO) and A 1 modes [28] . The large shift of Raman A 1 (LO) and A 1 modes in figures 1(e) and (f) also indicate that the effect of out-of-plane strain due to the Poisson contraction cannot be ignored in InSe flakes, different from that in the TMDCs.
The strain-dependent Raman E, A 1 (LO) and A 1 modes enable us to calculate the parameters characterizing anharmonicity of the inter-atomic potential such as the Gruneisen parameter, which describes the effect that varying the volume of a crystal has on its vibrational properties. The Gruneisen parameter (γ m ) can be calculated by the following equation [29] :
where ω(ω 0 ) is the frequency of a Raman mode with (without) strain, υ is Poisson's ratio (~0.4) [30] , and ε the tensile strain. The Gruneisen parameters (γ m ) 
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of the E, A 1 (LO) and A 1 modes are determined to be ~1.51, ~1.39 and ~1.12 for the few-layer InSe shown in figure 1(e), respectively, consistent with previous experimental results induced from the temperaturedependent Raman characterization of bulk InSe [31] . We further investigate the evolution of the InSe bandstructure with strain using photoluminescence (PL) spectroscopy and first-principles calculations. Drastically different from semiconducting TMDCs, our first-principles calculation shows that the unstrained InSe with thickness more than ~4 nm (about five-layer with a single layer thickness of 0.82 nm) can be approximately treated as a directbandgap semiconductor, with
on DFT calculations, where E Γ g is the direct bandgap at Г point, and E ind g the indirect bandgap (SI). Consequently, with the neglect of possible excitonic effects, the PL spectroscopy directly reads out the optical bandgap of InSe through the PL peak position. Considering the significant dielectric screening when the layer number exceeds five (exciton binding energy will be small) [11] , the optical bandgap of InSe is approximately the same as the quasi-particle bandgap. Figure 2(a) shows the PL spectra of multilayer InSe of thickness ~12 nm over a range of 0-1.06% tensile strain. The main PL peak in the unstrained InSe is located at 1.34 eV. With increasing strain, the PL spectra of InSe are significantly changed: the peak exhibits a redshift of about 118 meV with a tensile strain of ~1.06%. We plot the PL peaks as a function of strain value for this sample in figure 2(b) (blue diamonds) with a linear fitting. The slope, demonstrating the sensitivity of the optical bandgap to strain, is ~101 meV/% strain for this sample. We also explored the effect of strain on the bandgap of InSe flakes of different thicknesses. For all the flakes with thickness ranging from 4 nm to more than 30 nm, the PL peak exhibits a consistent red shift with increasing tensile strain, as shown in figure 2(b) , and the peak shift rate is determined to be ~154 ± 8 meV/% for a thin flake (4 and 6 nm) and 81 ± 4 meV/% strain for a thick flake (>30 nm).
We also investigate the effect of the compressive strain on the bandgap by applying a relatively small strain (from 0 to 0.62%), with the purpose of avoiding complication due to potential buckling or other mechanical deformation of the flakes. As shown in figure 2(c) , the PL peak of InSe of thickness ~14 nm blue-shifts by about 56 meV when the compressive strain approaches 0.59%, corresponding to a shift rate of ~100 meV/% strain. These results show that the bandgap of InSe can be increased through compressive strain, compared with a decrease of the bandgap achieved with tensile strain. We also measured the compressive strain dependent PL of samples with different thicknesses, and the PL peak position as a func- We compare our results with previously reported values in other one-and 2D materials, which we summarized in table 1. It is evident that the bandgap strain coefficient with a uniaxial tensile strain in few-layer InSe is the most pronounced among what have been reported experimentally in 2D materials so far, several times larger than those of TMDCs and comparable to To understand the microscopic mechanism of the strain-induced bandgap change, we performed firstprinciples density functional theory (DFT) calculations and quasi-particle GW calculations on InSe at the single-layer ( figure 3(a) ) and the bulk limit ( figure  3(b) ). We did not include spin-orbit coupling (SOC) in the shown calculations because SOC has a minimum effect on the bandgap studied here (see Supporting Information), considering the conduction band minimum (CBM) is mainly composed of In s orbitals and the valence band maximum (VBM) is mainly composed of Se p z orbitals [17, 28] .
Unstrained single-layer InSe is found to be an indirect bandgap semiconductor, with a 'Mexican hat' feature near the Γ point. As shown in figure 3(a) , the direct bandgap at Γ is ~1.7 eV from DFT calculations, while GW calculations show a bandgap of ~3.1 eV. This drastic difference in the bandgap between the two calculations originates from strong electron-electron interaction and weak dielectric screening in quasi-2D materials. As the layer number increases to more than five layers, DFT calculations show that InSe quickly becomes a direct bandgap semiconductor, with the bandgap located at the Γ point (see supporting information). The band structure of unstrained bulk InSe is shown in figure 3(b) . Bulk InSe is found to be a direct bandgap semiconductor with the bandgap located at the Z point in the Brillouin zone (BZ) of the rhombohedral primitive cell. The bandgap is 0.35 eV from DFT calculations and 1.25 eV from GW calculations. As for other semiconductors, the GW bandgap value shows an excellent agreement with the experimentally measured bandgap which is at ~1.27 eV for a 30 nm thick InSe layers.
Since we access the direct bandgap experimentally through PL spectroscopy, in our calculations, we focus on the strain effect on the corresponding direct bandgap for the single-layer and bulk InSe. We first investigate the strain effect on the single-layer InSe, and our DFT calculation shows that the bandgap strain coefficient is 91 meV/% for an in-plane uniaxial tensile strain (see supporting information). Our GW calculation shows a coefficient of 97 meV/% ( figure 3(c) ), only 7% larger than that from the DFT calculation. We also calculated the bandgap strain coefficient for bulk InSe, and the DFT calculation shows a value of 95 meV/% and the GW calculation results in an increased value of 114 meV/% ( figure 3(c) ). 
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We plot the experimental bandgap strain coefficients for InSe of different thicknesses in figure 3 (c) and compare them with the GW calculation results. Since PL peaks can be determined accurately in experiments, the uncertainty in measurement is mainly from the strain calculation (see supporting information). Figure 3(c) shows that for InSe flake of thickness ~4 nm (5 layers) and ~6 nm (8 layers), the bandgap strain coefficient due to uniaxial tensile strain is almost the same, within the experimental uncertainty considered. The bandgap strain coefficient due to uniaxial compressive strain, which is slightly smaller, is also about the same for the InSe flake of thickness from ~5 nm to ~10 nm. The value of the nearly constant bandgap strain coefficient is in better agreement with the GW calculation for bulk InSe (114 meV/%), and larger than what is predicted for the single-layer InSe (97 meV/%). In addition, we attribute the remaining discrepancy between experimental and calculated bandgap strain coefficients to unintended out-ofplane strain in the experiment, which is confirmed by the strain-induced shift of Raman A 1 and A 1 (LO) modes in figure 1(e). Calculations with additional out-of-plane tensile (compressive) strain for bulk InSe structures with fixed in-plane compressive (tensile) strain will increase the calculated bandgap strain coefficient (section 10 in SI). It is interesting to note that the strain-induced effect on the bandgap in few-layer InSe is closer to that of bulk InSe rather than a single-layer InSe. This can be intuitively understood by the fact that the electronic bandstructure of few-layer InSe is closer to that of the bulk InSe (direct bandgap at the Γ point: ~1.3 eV) shown in figure 3(b) , much smaller than that of the single-layer InSe at the Γ point (3.14 eV) shown in figure 3(a) .
We also note that InSe flakes thicker than 10 nm show significantly decreased bandgap strain coefficient as the thickness of the flake increases. This trend is likely due to an effective strain decay in the thick flakes. The nominal strain is calculated based on the geometry of the flexible PET film, which should be the same as that in the thin InSe flake since it exactly follows the change of the substrate [20, 21] . For thick samples, we expect inefficient strain transfer between different layers, which will result in a strain gradient in the flake. This strain gradient is confirmed by the extra broadening observed in PL width of strained thick InSe flake (see supporting information), and it will reduce the effective strain applied to the flake and lead to reduced strain co-efficient observed. The bandgap strain coefficient for bulk InSe is calculated as ~97 meV/% for DFT and ~114 meV/% for GW, both larger than the observed value (~81 meV/%) from thick InSe of ~35 nm thickness.
The controllable modification of InSe bandgap enables the modulation of resistivity of InSe based devices. To demonstrate a relevant application in photodetection, we investigated the photocurrent response of an InSe flake of thickness ~35 nm subjected to a tensile strain. The device was fabricated by exfoliation of an InSe flake directly onto a PET substrate, followed by e-beam evaporation of 5/50 nm Ti/ Au to define electrodes using a shadow mask, avoiding possible contamination induced by photoresist or e-beam resist residue. The optical image of the device is shown in figure 4(a) . According to figure 4(b) , the conductance increases by 1.5 times at a bias of 200 mV as the tensile strain is increased to 0.59%. Due to the non-centrosymmetric character of multilayer γ-InSe flakes, there are two effects potentially contributing to the change of transport behavior: the piezoelectric effect, in which strain-induced charge asymmetrically modulates the Schottky barriers at the electrical contacts; and the piezoresistive effect, in which the strain-induced bandgap change modulates the resistance of the device. The nearly symmetric modulation of I-V curves in figure 4(b) indicates that the piezoresistive effect in InSe dominates the change of electrical transport behavior, which can be explained with the reduced bandgap with a tensile strain applied [40] . The sensitive conductance dependence on strain can be qualitatively described by the gauge factor (g) of InSe, whichis defined as g = (I − I 0 )/(εI 0 ), where I and I 0 are the currents with and without strain, respectively [40] . The gauge factor is estimated to be ~84 for the device shown in figure 4(a) , which is comparable to that of the state-of-the-art silicon strain sensors [41] .
We further measured the photoconductivity response to excitation light with different wavelength. The excitation-wavelength-dependent photoconductivity measurement has been applied previously to measure the band edge of semiconductors with small exciton binding energy [42, 43] . For this particular measurement, we intentionally broadened the laser beam spot to ~6 mm to illuminate the entire device uniformly. We used a broadband laser source (supercontinuum white laser) and selected the excitation wavelength with a tunable filter (width ~6 nm). To avoid nonlinear response or possible damage, a low excitation power of 30-120 µW was used. By applying a DC bias voltage of 300 mV, the photocurrent was measured through a lock-in amplifier by modulating the excitation laser through a mechanical chopper. The normalized photoresponse (I pc /P power ) as a function of wavelength is shown in figure 4(c) . In the absence of strain, we observe an abrupt increase of the photocurrent when the excitation photon energy exceeds 1.2 eV. We estimate the band edge by taking derivative of current versus excitation energy (dI pc /d(ħω), the red line in figure 4(c) ) [43] . Figure 4 (c) suggests that the bandgap of the unstrained InSe flake is ~1.22 eV, consistent with the value extracted from PL measurement (~1.27 eV) shown in figure 4(d). As we increase the tensile strain to 0.39%, the onset energy of photocurrent is redshifted to 1.19 eV. The bandgap shift (~27 meV) extracted from the photocurrent measurement is consistent with the shift (~35 meV) from PL measurement shown in figure 4(d) . When the strain 8 is increased from 0.39% to 0.59%, the PL peak shows a further redshift of ~11 meV, in agreement with the photocurrent measurement (7 ± 2 meV). These observations confirm that the uniaxial tensile strain indeed decreases the bandgap of the multilayer InSe and thus broadens the absorption spectrum range. This sensitive modulation of photocurrent response from InSe, through the modulation of the direct bandgap, provides a new knob to engineer and control novel optoelectronic devices based on InSe.
Conclusions
In summary, we have investigated the effect of uniaxial tensile and compressive strain on the electronic structure of InSe with different thicknesses. The straininduced phonon-softening and bandgap modulation were experimentally demonstrated, suggesting that strain engineering is an effective tool to explore the novel physics of III-VI layered compounds. Applying a relatively small strain, we have demonstrated a reversible optical bandgap tunability of ~239 meV in the infrared regime. Such tunability originates from a sensitive response of InSe electronic structure to the external strain, which manifests itself as a substantial bandgap strain coefficient as large as ~154 meV/% under a uniaxial tensile strain. The observed bandgap strain coefficients are confirmed by our first-principles calculations. This sensitive response to strain holds great potential for a wide range of applications based on atomically thin InSe flakes, including electromechanical, piezoelectric and optoelectronic devices.
